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Discrete symmetries, invisible axion, and lepton number symmetry in an economic 3-3-1 model
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We show that Peccei-Quinn and lepton number symmetries can be a natural outcome in a 3-3-1 model with
right-handed neutrinos after imposingZa;® Z, symmetry. This symmetry is suitably accommodated in this
model when we augment its spectrum by including merely one singlet scalar field. We work out the breaking
of the Peccei-Quinn symmetry, yielding the axion, and study the phenomenological consequences. The main
result of this work is that the solution to the stro@® problem can be implemented in a natural way, implying
an invisible axion phenomenologically unconstrained, free of domain wall formation, and constituting a good
candidate for the cold dark matter.

DOI: 10.1103/PhysRevD.68.115009 PACS nuntder12.60.Cn, 14.80.Mz

[. INTRODUCTION new scale into the theoryipq, the axion decay constant,
bounded by astrophysical and cosmological data, and its al-
The standard mod€lSM) of strong and electroweak in- lowed range is 19GeV<fpo<10'2 GeV [5].
teractionsSU(3)® SU_ (2)®Uy(1) has shown its extraor- The first class of models introducing the axion via PQ
dinary accuracy in explaining many features of particle physsymmetry in the context of the SM was obtained by Wein-
ics along the years. Among the issues not covered by thiberg and Wilczek[6]. This axion was soon shown to be
successful model there is the fact that the QCD vacuum hasnrealistic mainly due to its nonsuppressed coupling to light
a nontrivial structure revealed by its nonperturbative regimematter field§ 7], which happens whenpq is of order of the
implying the so-called stron@P or 6 problem(the subjectis electroweak scale. Viable models to solve the str@f
widely reviewed in Ref[1]). Violation of CP by strong in- introducing an invisible axion, were devised by Kim and
teractions appears in the theory after the introduction of aindependently by Shifman, Vainshtein, and Zakhaf&y
instanton solution to solve tHg,(1) problem[2]. It induces  (KSVZ) and by Dine, Fischler, and Srednicki as well as Zhit-
the so-called? term in the QCD Lagrangian, which violates nitskii [9] (DFS2). Both make axions invisible by increasing
P, T, and CP. Additional electroweak effects change this vpq (the largervpq, the weaker the axion-matter coupling
term proportionally to D¢M ], whereM is the quark mass and obtain the axion through a singlet scalar. In the KSVZ
matrix. The effectived term 6.¢; is observable through the axion model the ordinary quarks and leptons do not carry PQ
electric dipole moment of the neutron, whose experimentatharges; some heavy new quarks have to be included which
bound implies the upper limitfsf <10 ° [3]. The small- carry this quantum number. On the contrary, in the DFSZ
ness off.¢; is what we call the stron@P problem. model ordinary quarks and leptons do carry PQ charges, al-
Among the several solutions proposed to solve thghough these fermions do not couple directly to the singlet,
strongCP problem, there is one which is particularly el- which happens only at the loop level through interactions in
egant. It was introduced by Peccei and Qujdihand con- the potential.
sists of imposing a global chiral symmetry, known as the The possibility of an invisible axion makes the PQ ap-
Peccei-QuinnPQ symmetryUpo(1), on theclassical La-  proach even more attractive since in this case the axion is a
grangian so that the dynamics of the theory gktsto zero.  natural candidate for explaining the existence of cold dark
Because of the breaking of PQ symmetry, a massless psetratter (CDM) [10]. This is possible because the axion re-
doscalar is generated, the axion, which couples linearly teeives a tiny mass through a chiral anomalmg1
the axial anomaly. When this axion develops a vacuum ex~AgCD/f§,Q, amounting to a mass aP(10 °) eV. How-
pectation valugVEV) vpq, it produces a further displace- ever, it is not easy, in general, to obtain the required PQ
ment onfess, Making it disappear in favor of a dynamical symmetry in a natural way; most models have to impose it
field, the physical axion, eliminating the stro@R violating  from the beginning, weakening such a solution to the
term of the theory. The breaking of PQ symmetry brings astrongCP problem. That is the reason we concentrate here
on a class of models where the symmetry would arise auto-
matically: namely, a particular version of th8Uc(3)
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siong. Besides, there is a bunch of new particles and interand March-Russe[l23] more than ten years ago. It was also
actions which make these models phenomenologically riclpointed out that large discrete symmetries can naturally arise
and attractive as an alternative to the SM. If we assume than the context of string theorief24]. The same is true in
in the realm of intermediate energy there are no exotic lepdimensional deconstructior{25], leading to low-mass
tons, then the 3-3-1 symmetry allows for only two possiblepseudo-Nambu-Goldstone bosons as axion and quintessence.
gauge models for the strong and electroweak interactiongAlso, in an attempt to preverB-L violation in a class of
which will be referred as version | and version II. supersymmetric standard model, large discrete symmetries
In the most popular one, versiorf11], the triplet of lep- were imposed, implying an automatic PQ symmetry, stabi-
tons is composed ofu( ,I_,I%)"; it contains exotic quarks lized against quantum gravity effedt86]. For what we are
with electric charge 4/3 and 5/3 and a doubly charged bilepconcerned with, it was noticed in R¢L.9] that 3-3-1 models
ton gauge bosob **, which prompts rare lepton decays. It POSsess a large enough number of fields to accommodate
also implies an upper bound on the Weinberg anglelarge discrete symmetrie&, . And the largeiN is, the higher
sin(f,)<1/4. Version Il is the 3-3-1 model with right-handed are the number of suppressed unwanted terms in the La-
neutrinos[12]. In it the triplet of leptons is constituted by grangian. In order to obtain Z;; symmetry, the authors in
(vi,l,vE)T. Its bilepton gauge boson is neutral and theirRef.[19] added some extra fermion fields to the model, re-
exotic quarks carry the usual charges 1/3 and[263. sulting in an automatic PQ symmetry and the axion protected
The physical properties of these models were investigatetnder gravitational mass corrections. This constitutes an ad-
in several works and their different aspects became eviderdtitional motivation for considering these 3-3-1 models to
[14,15. Among these differences it is noticeable that versiorPbtain the invisible axion and solve the stro@g-problem.
| requires a minimal of three triplets and one sextet of scalars This work is divided as follows. We first introduce the
in order to generate the masses for all fermions and gaug®odel in Sec. Il. In Sec. Ill we imposez,® Z, symmetry,
bosons while version Il does the same job with only threedssociating the appropriate charges for the fields, and obtain
triplets. that the resulting Lagrangian is invariant undépq(1),
Their shared aspects include the naturalness of massidentifying the correct PQ charges. This is done within the
neutrinos, with the difference that in version | neutrinos aresame spirit as that presented in Reff$9,27, assigning
Majorana type, while in version I they are Dirac type. Be- charges under a discrete symmetry group to the fields at hand
sides, from their structure these models dispose of enoughnd observing that a PQ symmetry emerges automatically if
constraints upon th&(1)y quantum numbers, leading to a <2 is also imposed. We will see that in this case also lepton
correct pattern for electric charge quantizatfa]. Another ~nNumber symmetry arises naturally. In Sec. IV, we analyze the
of these aspects is that also the PQ symmetry and the legymmetry breaking pattern of the model, recognizing the ax-

tonic symmetry can emerge naturally in both versipt8—  10n and its couplings. We finally present the conclusions in
20]. Sec. V.

Since version Il of 3-3-1 was observed to possess the PQ
symmetry with a smaller contefh20], although in that con- Il. MODEL

text the axion was of the Weinberg-Wilczek kind, we decided

to chose this more economical model and investigate th .
possibility of obtaining an invisible axion by including only 3-3-1 model§15]. Its lepton content comes in the fundamen-

one extra scalar singlet field in the model. The presence o Itr.elprtesegt?éion_oaéthf U(ds)é’ the Ieiftt—handed composing
CDM candidates in version Il of 3-3-1 was recently ad- @ 'rplet and the rignt-nanded a singlet,

Our investigation on this work relies on version Il of the

dressed 21], but here we wish to have the axion playing e

such a role. There is a crucial issue that has to be addressed L

when trying to stick with a CDM singlet axion though. It fi= el | ~(1,3-1/3), e.r~(11-1),
concerns the fact that gravitation induces dangerous effective (v8)2

terms in the Lagrangian, explicitly breaking any global sym-

metry of the theory. In particular, focusing &fbo(1), this  with a=1,2,3 representing the three known generations. We
breaking implies a huge contribution to the axion massgre indicating the transformation under 3-3-1 after the simi-
There remains the question of whether an appropriate mechparity sign “~.” Differently from version I, right-handed
nism exists in order to avoid such terms, stabilizing the axneytrinos are already present instead of exotic leptons.

ion. Fortunately, the annoying terms can be conveniently |5 the quark sector, one generation of left-handed fields
suppressed by the presence of suitable discrete symmetriggmes in the triplet fundamental representationSaf(3),

Moreover, it was noticed in the late 1980s by Kraus andang the other two compose an antitriplet with the content
Wilczek [22] that a local continuous symmetry at high ener-

gies manifests at low energies as disci@eal) symmetries di Uz,

which, differently from global ones, are expected to be re- _| —u _| 4

spected by gravity. This means that the needed discrete sym- Qi = L], Qa=| Yy, 2
metries can arise in a rather natural way if we assume some dip us,

underlying local continuous symmetry. o
Discrete gauge symmetries have been used to stabilize thmnsforming as (3,8) and (3,3,1/3), respectively, and
axion in a model with extra dimensions by Kamionkowsky =1,2 represents two different generations. The primed
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guarks are the exotic ones but with the usual electric charges.

Right-handed quark fields are singlets: LC=_ 9

V2

+U37ﬂdﬁW;+(UéL?’“d3L+UiL YV,

[y €W, + (vR) 2y elV, + vy (vR)*U},
Uur~(3,1,2/3, dig~(3,1,-1/3), diz~(3,1-1/3
Usr~(3,1,2/3, dar~(3,1-1/3), u4e~(3,1,2/3. —
R R R 3) +(Ug v ug —df y*di )UR]+H.c. (6)
gt is through these Lagrangian interactiods” and £

In order to generate the masses for the gauge bosons aﬂ1 i ' ticles that lent b
fermions, the model requires only three triplets of scalars: at we can recognize particies that carry iepton numuer

such that total lepton number is conserved at this level. From

namely, these interactions we have
0 0 +
X Y p L(V*uz,7%p H=-2, LU x°x")=+2.
x=\ x|, a=| 7|, o= 2° |, @ )
x'° n'° p'" Notice that the new quarks; and d/ are leptoquarks

once they carry lepton and baryon numbaf$; are charged

where 7 and x both transform as (1,3,1/3) andp trans-  yector bileptons whildJ® and U" are neutral vector bilep-

forms as (1,3,2/3). _ _ tons. We have also charged scalar bileptons and two neutral
With these scalars and matter fields we can write th&calar bileptons. These last ones would be important in
Yukawa interaction$28] studying spontaneous breaking of lepton number if the asso-
_ - — ciated global symmetry is conserved by the potential, leading
L£Y=G1Qa urx+GY Qi dipx* +G5QaLUar? to the so-called majoron, as discussed in FR24].
- . - - . We include also an additional singlet scalar fiedsl
+ G4 QiLdarn™ + G5 Q3 darp + Gg QiLUarp ~(1,1,0) in order to complete the spectrum, allowing for the
— ik - desired discrete symmetry which will enable us to get an
+hapfar€or T hape ™ (fa)i(foL)[(p™ )+ H.C. axion protected under a large gravitational contribution to its
(5) mass.

Finally, we can write the most general, renormalizable,
After the breaking of the 3-3-1 symmetry the vector and gauge-invariant potential for this model. We divide into
gauge bosongv*, V*, U°, andU°" interact with matter as two pieces: one Hermitiany,,, and one non-Hermitian,
follows [29]: Vyu, Which can be written as

V= ud?+ nix?+ uln?+ p2p? N+ Nan* + X N a(x ) (7" ) X s(x ) (pTp) + Ns(7" ) (pTP) + N7 (X )
X (7" )+ Ne(x"P)(pTX) +No(7'p) (pT 1) + N1o B* )2+ N11(d* ) (X X) + N1 ™) (pTp) + N1g(d* ) (1" )
(8

and

1
V=l Xt fix nd+ fox 9e* + XX m) 2 Nisx T nd b+ Nigx nd* p+Nix T ne* ¢* + EE”“(fsijxk

+am 1okt Fsxixipw) + € (N 1gmipj Xkt N1977i 7Pk N 20Xi X PK) D+ €K (N 217ipj Xi+ N2277i 7P+ N 2aXi X PK) B*
+ N4 x ") (p" ) H N5 ) (9 )+ N x T ) (pTp) + N x T ) (X Tx) +H.c. 9

With this at hand we have all the necessary ingredients to ll. Z;; AND PQ SYMMETRIES
associate a discrete symmefry, to the model. This will
allow us to eliminate several terms in the non-Hermitian po- A discrete symmetryy can naturally be accommodated
tential, Eq.(9), and verify that we need only an additiogl  when the theory has a large enough number of fields in its
symmetry to have PQ symmetry naturally, assigning the apspectrum. It was observed that this is the case for the SM
propriate PQ charges to fermions and scalars. when some scalar multiplets and right-handed neutrinos are
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added[27] or for the minimal 3-3-1 model when only right- experimental boundésee PDG[3)). If we had takery ¢)
handed neutrinos need to be includdd). It was obtained ~10' GeV, the axion would still be protected under gravi-
that aZ;3 local symmetry could be imposed in this way, tation, but thed value would be on the threshold of its bound
leading to a natural PQ symmetry. We remark that this idea,_;<107°. So we can have a valid solution to the
was first pursued by Lazarides al. in the context of models  strongCP problem forz,; for scales( ¢)=<10' GeV in this
embedded in superstring theori9]. version of 3-3-1. In order to seek for this solution let us

Here we are going to apply such idea to the version ofyroceed further by first assigning the corr&gg charges to
3-3-1 model presented in Sec. Il, which has right-handedhe fields. Definingw,=e?"*! {k=0,+1, ... =5}, the

neutrinos jn its fundamental representation. It was observed, | transformations are given by
that an axion might be a natural outcome whezyaymme-

try was imposed in this modg19]. Although this axion is of d—w1h, fa—o .,
the Weinberg-Wilczek kind, thus phenomenologically dis-
carded[7], if we consider the enlarged spectrum with a sin- p— wop, daR_>w2_ldaRr

glet scalar¢, the axion can be a mixing of this field with
other scalars in the model, with its major component being
the pseudoscalar part of tlfefield. Then, a discrete symme-
try can be imposed, allowing for an axion also protected
under gravitational mass corrections.

To proceed in this way we first assign tdg charges to
all independent fields and check for additional symmetries
appearing after eliminating forbidden terms undgr. It will
turn out that a chiraU(1) symmetry arise, and we will see QaL = @oQsL- e
that it is possible to identify it with PQ symmetry. It would A this point it is possible to go back to the potential, ),
be interesting to have 2,5 symmetry so as to obtain a PQ and note that this symmetry eliminates all non-Hermitian
scale in its upper limit po~10'* GeV. Although the model  terms except three: namely! 7¢* ¢* , npx b, nmpd* .

disposes of 14 independent multiplets, it is not possible t0 | pesides theZ,, symmetry we impose @, symmetry
accommodate a symmetry greater thagp, because the nat acts as

Yukawa interactions in Eq5) imply some constraints over

the allowedZy charges. It is clear thal=12 is the value of (¢, x,dR,U3g)— — (b, x,dr,U3R), (12

N that allows for a maximal protection of the axion under

gravitational effects in this model. However, besides thewith the remaining fields transforming trivially, the only term

seemingly difficulty of avoiding to repeat the phases of thewhich remains in the non-Hermitian potential is thg y ¢.

multiplets, the single®» would have to acquire a very spe- It should be noted that the Yukawa interactions in &j.do

cific phase since 12 is not a prime number. In other wordsnot allow for terms which interchange— %, since they do

any even phase would make the transformation to belong taot respecZ,,®Z, given by Egs(11) and(12).

a smaller discrete symmetry, jeopardizing our intent of sup- We have the stage settled to see that an automatic PQ

pressing some high-order operators involvigggproducts. symmetry arises in the model. To achieve this conclusion we

For this reason the largest discrete symmetry we can use &art by assigning the PQ quantum numbers such that quarks

Z44, which allows any phase t¢, except the trivial one. of opposite chiralities have opposite charges, yielding chiral
The effective operators responsible for the gravitationauarks under &Jp(1) transformation:

mass contribution are of the forgh"/M ’,;f"'. A Zy symmetry

1

X—w3x, (er,Usg)—ws (€R,U5R),
—1

QiL— w4Qi, dig—wy dig,

-1
N— w57, Ugr— wg "Uzgr,

automatically suppress terms of this kind until someN Ug —€ Uiy, Ugg—e iUy,
—1. The main surviving term contributing to the axion mass -, -
is the one withn=N. It is true that withZ,; the axion is ug —e g, ujg—e' uulg,
protected only for energy scales not bigger thas) _ _
=10'" GeV. Nevertheless, this is not a threat for the model da—e '*%ad, , d,g—e'*dd,R,
since we still have values for the angle and axion mass
(gravitationally induceg[31]: dirLHe—iaxédirL , dipe aX(’jdifR ' (13)
(N2 ~ For the leptons we can define their PQ charges by
M3~ =10 ev=10""m,, | _
Pl eal__)elozxeeal_, eaR_’elaXeReaRy
<¢>N 19 iaX, iaX,R 14
Oer= g g =10 (10 va— € v, Var—€@TraR. (19
Mp, AQ(:D

With these assignments and taking the Yukawa interac-
where we have usedMp=10"GeV and Agcp  tions in Eq.(5) into account, as well as the non-Hermitian
=300 MeV, andm,=10° eV is the instanton induced ax- termszpy¢, we easily see that the PQ charges for the sca-
ion mass. These values are consistent with astrophysical aars are constrained and imply the relations
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Xg= Xy, Xgr=—Xys X,=Xer, Xe=X,n. (15) IV. SPONTANEOUSLY BROKEN PQ SYMMETRY
) ) The potential given in the previous section, Ef9), al-
We can make the further choi¢€,= X,/ , leading to lows us to obtain the mass eigenstates for the scalars, so we
can identify the Goldstone bosons which are absorbed by the
Xg=Xgr ==Xy = = Xyr = = Xe=Xer= X, = = X,R, massive gauge bosons and extract the axion in terms of the

(16)  interaction eigenstates. To accomplish this, let us consider
that onlyy’°, p° #° and¢ develop a VEV and expand such
implying that the PQ symmetry is chiral for the leptons t0o,fields around their VEV's in the standard way,
and the scalars transform as

¢_)e72iaxd¢’ nO_)eZiaanO' 1 1 .
x'°= =, +Ry+il ), 7°=—=(v,+R,*il,),

77—_>77— 7]/0_>62i01>(d77/0 \/E \/5

piopt, pPoe M, o_ L +R,*il,), ¢ L 0 AR+l )
p=—7=(, i =—=( I .

r+ r+ 0 2iaXy,,0 \/z \/5 ’ ’ ’

p —p s X —e X (20)

X_—>X_1 X'O—>62iaxd)(’0. (17)

With such an expansion, the next step is to get the constraints

Now it is transparent that the whole Lagrangian of thethat 1ead to the minimum of the potential:

model isUp(1) invariant and the stronGP problem can
be solved in the context of this model. The stradB-viola-

tion angle is given by the sum over the quarks PQ charges, u +)\1v + 7\_0 2 4 E 2 Mlvﬁﬁ iz_ 0,
which translates to X 2 270" 2 vy
0— 0+ 2aXy. (18)
. . . 7\42 )\62)\132A
This result is possible in this version of 3-3-1 because the PQ Mnﬂ\zv T Uy Tt S ¢+—2 0,
"7

charges of the exotic quarkks anduj do not cancel exactly
for the case of interest her¥,,= — X4. Moreover, the model
is particularly attractive in the sense it does not present the
domain wall problen{32]. This means that there is no dis- PR b2 2, 05 As w2, + Evva )‘1202+ ﬁ 0
crete subset of PQ symmetry that leaves the axion potential p 3 2% 2T Ve i ’
invariant—i.e.,AZyCUpg(1) such thalyion(0) is invari-
ant. This is similar to what happens in the 3-3-1 version
discussed in Ref.19], although there right-handed neutrinos N \ \ A
. . 2 12 - 13 2

had to be added to the model besides the singlet scalar. ¢+ )\101}¢+ > vt 70p+ 5 U o+ —=0,

It is remarkable that undez,,®Z,, not only is the PQ
chiral symmetry automatic but the lepton number symmetry (21)
also appears naturally in the model, once the possibly non-

T et e TE W e NG = 0,0, SUbSHuANG e
P Y PP Y pansmn in Eq(20) in the potentlal Eq(19) and using the

originating at some h|gh energy scale seem to be enough 5
generate the desired global symmetries we need at low nstraints above, we get.the mass maltm%(RX,R,,) for
the real scalars in the basiR(,R,/),

energies.
We finally write the most general potential invariant under
3-3-1 andZ,;®Z, [or Upg(1) and lepton numbésymme-

2
tries, Ay A Nvyvy, A
4 202, 4 20,10
_ ijk X e (22)
V(7,0,X)=VutAgzenipjxp+H.c., (19 2 ,
)\7UX/U,7_ A 7\7UX/ B A
whereVy, is given in Eq.(8). 4 2v v, 4 22

In the next section we are going to use this potential to
recognize the axion, the Goldstone boson originating from
the breaking of the PQ symmetry, and verify that it is con-and the mass matrisM (R, ,R,,R,,R4) in the basis
stituted mostly of the singlep. (Ry.R,,R,,Ry),
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A Np,v A NsU 10 A A
Modm A, A
ZUX, 20,0 20,0, 204U
Z_L eV U, A A
)\21}7} 2 2 + 2 2
v, Uy VU
(23
\ A A
3V,” 5
P 2”122 20,04
v A
lquS_ 2
! 2vy
|
These bases are not coupled; that is the reason we have two 1 v
. . . X!
squared mass matrices. From the first matrix, @6), after a= (|¢_ _|X,),
diagonalization it is easy to recognize the following massless v2, Vo
scalar in it: 1+
v
1
RG=—(v,7R —v,R)). (29
Vo2 +v ¥ 2 2
g U 0 1 U¢U ’
Gi= 1/ (|—‘”|,— X|¢)
The other real scalar mass eigenstate is orthogonal to this vf,,viﬁf\ P & X &
one and those coming from the diagonalization of the matrix,
Eq. (23), which are a little more intricate but fortunately we
do not need them for our purpose. 1
Regarding the pseudoscalars similarly to the real scalarsG — |+ Z| )
we obtain the mass matrM?(l, 1) in the basis [, ,1 ), 0)2(, Tov, X
1+
)\7v37_ A _)\7erv,] A Uy
2
4 ZUX, 4 20,0
2 )
vy A My A G \/ 03 (0505 +é) / VPGV
4 , 4 2 3= 2 2 - 2
2v,0, 207, 25 viviv}(,-%vi(vivx,—}—g)\ 7 vn(vivx,—kg) X
v 1)202 UZU U2
and the mass matrixMZ(l,,,1,,1,,14) in the basis _ P7E7 X! _ Pmx
X' tytpole > 2 o > 2 el
(IX ’ 7]1 p ¢))1 Uﬂ(U¢UXr+§) U”(U¢UX!+€)
1 1 1 1]
2 1
UX/ U,?UXI UPUX’ UX!U¢ PSl:
1 1 1 vy vh v
> 1+ —+—+—
A v Unplp  Uplg 2 2,2
_ K (26) Uyp Up Uy
2 1 1
—2 U
Up Unvp (|¢+_| l+_| +—| )
1 Uy Uy Up
L Uy
. . . 1 v,
From these matrices we can easily obtain the GoldstonPS,= Ly ——1 (27
bosons and identify the axion as the one whose main com- vf, Uy
ponent is in the¢ direction. The Goldstone and pseudo- 1+—-
Goldstone bosons are 5%
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where we have defineﬂzvi(viJrvi,). In the above equa- served at the classical level. It is remarkable that this hap-
tion, the axion is identified as, and the remaining three Pens in this more economical version of the model by adding
Goldstone boson§;, G,, andG; together with the Gold- only one singlet scalar; no other fields are necessary, which
stone boson in Eq24) are those absorbed by the four neu- makes it a suitable model for implementing the str@g-
tral gauge bosons of the model. The last two linear combiproblem solution.

nations of the interaction states in E&7), PS;, andPS,, We then recognized the global symmetry identifying it
are the massive eigenstates or pseudo-Goldstone bosons. Tigh a chiral PQ symmetryJpo(1). In general, solutions to
important point that can be extracted and from these resulthe strongEP problem through the PQ mechanism lead to
is that our axion has a small componentlgf. Since,v,  domain wall formation, which is a threatening feature to cos-
=10" GeV andv,,=10° GeV, this component is very sup- mology, but fortunately model dependent. In this version of
pressed and, as expected, our axion is invisible, being almogie 3-3-1 model this problem is absent due to the fact that we
exclusively the imaginary part of the singlél. Besides, chose a relaton among PQ charges—namely,
sincel,» couples only to the exotic quarks, our axion is very x ,—x’_which avoids this situation. Nevertheless, we have

different even from that obtained in the version of 3-3-1 iny, remark that other possibilities would be allowed if we had
Ref.[19], which does couple to neutrinos at the tree level. Its

. X ; . . not imposed &, symmetry. In this case, we could have let
coupling can be easily obtained after rotating the mass elgerké free and, working with the non-Hermitian potential terms

fr?rgzlsétgg(%% lﬂée[?gsr;);;?aenl?é?:ﬁ ction eigenstates, and ItIook for the.relati.ons among the PQ charges that }NOL_JId keep
theUpq(1) invariance. Such a relation exists and is given by
o o 3Xg=—Xq, which is consistent with PQ invariance for all
Lagq =—7=====[G1uUz Uze—G3d; djglat+H.c, threeZ,, invariant non-Hermitian termg’ 7¢* ¢*, npx ¢,
\/2(0?1,4— v and »np¢*. In this situation we would have to address the
(28) formation of domain walls, and for this reason our previous
- choice seemed physically more appealing.
which is very weak fOIGl,Gg ~ of the order of unity, since We proceeded with the spontaneous breakingj 96(1)
vg>v, . The pseudo-Goldstone bosoRsSS, and PS, are  and studied its consequences, obtaining the axion and show-
more strongly coupled to fermions and, differently from theing that it is mainly constituted of the singlet. It was shown
axion, also couple to ordinary matter. This leads us to conthat it interacts with exotic quarks only, through a very sup-
clude that, in this model, the only candidate for cold darkpressed coupling. Hence, our axion is an invisible one. How-
matter is the axion. We could check if the real massive scaever, since global symmetries are not stable against gravity
lars could fit for this role also, but a rough numerical ap-effects, our axion could be in danger, receiving large mass
proximation just confirms that they behave as their partnerssorrections and losing its appeal as a CDM candidate. This

X

as we could expect. _ _ _ was circumvented by assuming thaf; is a subgroup of an
‘We also checked the coupling of our axion with photons.underlying gauge group at some high-energy scale. Annoy-
It is defined through the effective Lagrangian term ing gravity-induced terms contributing to the axion mass are

conveniently suppressed thanks to the la¢gl, stabilizing

the axion. Although larger discrete symmetries would lead to
a better stabilization of the axion against gravity, as well as a
0.¢¢ safer from experimental constraints, we saw that it is

In the present model only exotic quarks participate in thestill possible to have &, leading to small mass corrections

loop, leading to the above anomaly term, which leads to  and ¢ below the bound 6e1<10"° if v,=(p)
=10'° GeV. Besides, the fact that 11 is a prime number

— 2 , 4 allows ¢ to acquire any charge undgy, except the trivial
Cayy=— m} 2 XQ’Qq' 2520'44' (30 one. This implies no need of assigning a very specific charge
q to ¢ in order to avoid restriction to smaller subsetsZgf
This value is very similar to those obtained in different mod-which would not lead to axion stabilization.
els present in the literature and can be used to make the Finally, there is a point that has to be highlighted when

relevant computations involving axions in astrophysical pro-considering the 3-3-1 version with right-handed neutrinos. In
cesses. the form it was presented here the model generates arbitrary

masses for two neutrinos only, which can be deduced from
the antisymmetry of the Yukawa couplirtt,, in Eq. (5).
This leads to an antisymmetric neutrino mass matrix, imply-
We studied the consequences of discrete symmetries iimg a zero eigenvalue and two degenerate ones. Although the
the version of the 3-3-1 model with right-handed neutrinosmassiveness of neutrinos is not the issue here, it would be
One of the main points in this work is that global symmetriesnice to have a model that at least produces an appropriate
appear automatically as a consequence of such discrete symwbitrary mass pattern for all fermions of the theory. To ac-
metries in this model. It turned out that, when the model hagomplish this we have to devise some way of eliminating
aZ;1®Z, symmetry, the whole Lagrangian is invariant undersuch mass degeneracy. We can suggest two ways of doing
U(1) transformations and also total lepton number is conthat. One of them makes no enlargement of the spectrum and

 Cayy a(x)-

=— F~Y, 29
3072 vpg M @9
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seems the preferable one, dealing only with the vacuum of Summarizing, we obtained automatig (1) and lepton

the theory. In Ref[20], the breaking of leptonic symmetry number symmetries by imposing a local discrete symmetry
could be achieved only through a nonconserving PQ symmen an economic version of 3-3-1 model with right-handed
try term—namely, theyp xy—when »’ acquires a nonvanish- neutrinos. We got an invisible axion stabilized under gravi-
ing VEV. However, we have seen that our approach allowsational mass corrections, absent of the domain wall prob-
for an equivalent term which could lead to lepton numberem, solving the stron@P problem and constituting a strong
violation too, which isppx ¢, with the difference that in this  candidate to CDM. These results are a remarkable achieve-
case PQ symmetry is still conserved. This term allows for gnent of our work, considering that the only additional ingre-

Majorana neutrino mass through loop corrections, makingjient we have used was the inclusion of a singlet scalar in the
possible a mass matrix which is arbitrary enough to accomq, J4e

modate nondegenerate and nonzero neutrino masses. Another
way out could be traced by including a singlet neutrino in the
spectrum. Such a neutrino carries the exact quantum num-
bers to provide the required invariance undgi®Z, and

Upo(1) and leave only nondegenerate massive neutrinos in . _ . .
the theory. This second possibility sounds appealing since We would like to thank Vicente Pleitez for useful discus-
not many fields can be introduced without jeopardizing thesions and suggestions. This research was partially supported
desired discrete and global symmetries here studied. Whaby Fundgeo de Amparo &Pesquisa do Estado dedSRaulo

ever nature’s choice, both would be adequate to fit in oufFAPESRH (AGD,PSR$ and by Conselho Nacional de De-
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